
UNCLASSIFIED

AD NUMBER

AD901770

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies only; Test and evaluation; Sep
1971. Other requests shall be referred to
Air Force Flight Dynmaics Laboratory,
Wright-Patterson AFB, OH 45433.

AUTHORITY

AFFDL ltr, 29 Dec 1978

THIS PAGE IS UNCLASSIFIED



/

AFFDL-TR.70-169
VOLUME I

AIRCRAFT LANDING GEAR

DYNAMIC LOADS INDUCED
BY SOIL LANDING FIELDS

C VOLUME I. PREDICTION MODEL AND WHEEL LOADS

B. M. CRENSHAW

LOCKHEED-GEORGIA COMPANY

TECHNICAL REPORT AFFDL-TR-70-169, VOLUME I

JUNE 1972

Distribution limited to U. S. Government agencies only; test and evaluation; state-
ment applied September 1971. Other requests for this document must be refcrred
to *.F Fight Dynamics Laboratory, (FY), Wright-Patteraon AFB, Ohio 45433.

AIR FORCE FLIGHT DYNAMICS LABORATORY
AIR FORCE SYSTEMS COMMAND

WRIGHT-PATTERSON AIR FORCE BASE, OHIO



NOTICE

When Government drawings, specifications, or other data are used for any

purpose other than in connection with a definitely related Government

procurement operation, the United States Government thereby incurs no

responsibility nor any obligation whatsoever; and the fact that the

Government may have formulated, furnished, or in any way supplied the

said drawings, specifications, or other data, is not to be regarded by

;mplication or otherwise as in atny manner licensing the holder or any

other person or corporation, or conveyinG any rights or permission to

manufactu..-, use, or sJI .Iny puienltsj vtw,•lln it ray ony c ,,7 'C

related the,'eto.

Copies of this report should not be returned unless return is required

by security considerations, contractual obligatiorns, or notice on a

specific document.

AIR FORCE: 26-7-72/200



Id

AIRCRAFT LANDING GEAR

DYNAMIC LOADS INDUCED
BY SOIL LANDING FIELDS

VOLUME I. PREDICTION MODEL AND WHEEL LOADS

B. M. CRENSHAW

LOCKIIEED-GEORGIA COMPANY

Distribution limited to U. S. Government agencies only; test and evaluation; state-
ment applied September 1971. Other requests for this document must be referred
to AF Flight Dynamics Labor=to;y, (FY), Wright-Patterson AFB, Ohio 45433.



FOREWORD

This report was prepared by the Lockheed-Georgia Company, Marietta, Georgia,
under USAF Contract F33615-69-C-1349, "Aircraft Landing Gear Dynamic Loads Induced
by Soil Landing Fields." The contract was initiated under Project 1370, "Dynamic
Problems in Military Flight Vehicles, "Task No, 137008, "Prediction of Dynamic Loads in
Military Aircraft." The work was administered under the direction of the Air Force Flight
Dynamics Laboratory, Air Force Systems Command, Wright Pctterson Air Force Base, Ohio.
Mr. Roger J. Aschenbrenner of the Aerospace Dynamics Branch was project engineer for
the laboratory.

This report covers work conducted from February 1969 to June 1971.

This volume was submitted by the author in June 1971.

Volume I of this report contains or, analytical prediction model and wheel loading
results. Volurme I of this report, prepared by the lIT Research Institute contains the
results of the soil tests and soil rate ot loading response studies. The work reported in this
volume was performed by the Aeromechanics Division of the Lockheed-Georgia Company
under the direction of Mr. L. A. Tolve and in cooperation with the lIT Pesearch Institute,
the NASA Landing Loads Track at the Langley Research Center, the U. S. A.my Waterways
Experiment Station, and the U. S. Air Force Computer Center and Flight Dynamics Labora-
tory.

The author wishes to express his appreciation to the Lockheed and lIT Research
Institute personnel who have contributed to this program. These include Messrs.
C. K. Butterworth, A. L. Clough, Leroy Davis, C. H. Griffin, and G. K. Williams of
the Lockheed-Georgia Company; Messrs. P. J. Huck, E. H. Scharres, W. B. Truesdale,
and J. A. Tysiak of the ItT Research Institute.

Special recognition is due the personnel of the NASA Langley Research Center,
the Waterways Experiment Station, and the A;r Force Computer Center for their cooperation
and support of the program. The test and data reduction portions of this program were
conducted at the NASA Langley Research Center under the direction of Mr. T. J. W. Leland.
The field measurements team furnished by the Waterways Experiment Station was under the
direction of Mr. A. J. Joseph. The analog computer program development at the Air Force
Computer Center was directed by Mr. B. J. Doody.

This technical report has been reviewed and is approved.

WALTER?. iMKYVTOW
Asst. for Resecrch & Techniology
Vehicle Dynamics Division

II



ABSTRACT

A mathematical model to predict sinkage and the resulting loads for aircraft wheels
operating on bare soil surfaces is presented together with experimental results for a
29 x 11-10 8PR Type III tire. Four primary factors which determine soil rutting and
drag have been identified. They consist of the tire spring rate, the soil load
deflection relation, a drag inertia force, and a lift inertia force. Soil load deflec-
tions are based on the mobility number concept developed by the U. S. Army Corps
of Engineers Waterways Experiment Station. Empirical constants obtained from tests
conducted at the NASA Langley Landing Loads Track were used to compute the
inertia forces. Comparisons of predicted and measured rut depths and drag loads cre
made for a clay soil with CBR's ranging from 1.5 to 2.3 and speeds from 0 to 90
knots for tire inflation pressures of 30, 45, and 70 psi. Similar comparisons are made
for sand having a surface strength of CBR 1.5. The experimental program included
173 tests with a single wheel and 39 Iests with two wheels in tandem on buckshot clay
and 24 single wheel tests on sand. Overall average differences in predictions and
test data for rut depths were the following: 11% on CBR 1.5, less than 1% on CBR
213, and 1.5% on snnd. Overall average differences for drag loads were the
following: 6% on CBR 1.5, 9% on CBR 2.3, and 12% on sand. Average positive
and negative differences were somewhat higher and were between 11% and 36%. An
alternate computation using a spring-mass-damper model as used in vibrating foundation
studies is also included. This alternate model is not recommended as it does not
account for drag load interaction urid thus is not representative of the physical system.
Methods for improvement of the alternate model are discussed. A computer program is
described which incorporates the soil/wheel interaction model with a simulation of the
C-130 aircraft during taxi and take-off. Analyses with this program show that moderate
roughness has negligible effect on take-off distance for either soft fields or hard surfaces.
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NOMENCLATURE
' .2

A Tire footprint area - in.

b Tire width - in. and
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Fspring Spring force from the soil load deflection curve - lb.

F t Vertical tire force - lb.
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x

G Slope of cone index vs. depth curve averaged over a depth equal

to the tire width - lb./in. 2/in.

h Tire section height - in.

K Cohesive modulus of sinkage in the Bekker Equation - lb./in.
c

K c Cohesive modulus of sinkage in the Reece Equation - dimensionless
c

Kd Empirical drag interaction constant - :n./lb.

KI Empirical inertia lift constant - in./lb.

K 1 Frictional modulus of sinkage in the Bekker Equation -b./in2

K' Frictional modulus of sinkage in the Reece Equation - dimensionless

Tire footprint length - in.kt 2

M Effective soil mass - lb. sec. /in.

n Exponeii ;n she Bekkcr Equation - dimensionless
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NOMENCLATURE
(Concluded)

p Applied pressure in the Bekker Equation - lb./in.

Po Initial tire inflation pressure - lb./in.2

Po(t) Time function of applied footprint pressure - lb./in. 2
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R Undeflected tire radius - in.
0

R Tire rollinq radius - in.
r
V Velocity of the wheel axle - knots or as required

X Center of pressure shift forward of the axle centerline - in.c.p.

Z Axle deflection - in.
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Zs Rut depth - in.S2

AA Equivalent footprint area reduction caused by drag load - in.
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spring forces - in.

5t Tire deflection - in.

W•o Rigid surface rolling resistance coefficient - dimensionless

P Soil density - lb. sec. 2/in.4

0 Soil mobility number - dimensionless

Clay soil mobility number - dimensionless

Sand mobility number - dimensionless

Dynamic soil mobility number - dimensionless (used to represent

either sand or clay in a general discussion)
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SECTION I
INTRODUCTION

Operation of large aircraft from unpaved airfields continues to be of concern to

military planners. Since 1958 three large cargo transport types, the C-130, the

C-141A, and the C-5A, have been operated from or have been tested on unpaved

landing surfaces and taxiways. To date the C-130's have been used extensively

for routine airlift to and from remote areas by both military and commercial

operators by the United States and foreign countries as well. These landing surfaces

have ranged from smooth to very rough, hard-baked to muddy, rocky to sand, and

gravel to silt surfaces, usually bore but covered with mats in the wetter softer areas.

The C-141A, while designed for operation from paved surfaces only, has been

tested on both matted and bore surfaces and has been shown to have a limited

capability for operalior. from unpaved areas.

Repeated operations from unpaved surfaces, without major landing area maintenance,

is a design requirement of the C-iA. High flotation, maximum wheel separation, and

low operating tire pressures are features of this design intended to provide this capability.

To date limited testing from unpaved surfaces has been conducted, but no routine

operations from such surfaces have been scheduled.

Military logistlcs, airplane specifications, and mission flexibility may require that

these and future large cargo aircraft be capable of operating repeatedly under

increasingly stringent requirements from forward areas with minimal preparation and

very limited maintenance expenditures.

Most full scale aircraft tests on soil surfaces are for the determination of performance

capabilit~es; few gather data for improving other design;. In almost all the tests

conducted thus far, the aircraft loads and takeoff or landing distance ha'e been of

primary importance, and only superficial attention has been given to the effects on

the surface so long as operation could be sustained. No single instanc9 where surface

ruts have been measured and correlated will wheel loading has been found. No

quantitative information about the progressive deterioration of the surface strength



with continued operations using aircraft as the test vehicle is available. As

efficiencies must improve in the future STOL and V/STOL air vehicles, it

becomes more and more difficult for an aircraft designer to apply the civil

engineering soils analysis approach, based primarily on the theory of the

failure of bui!ding foundations, to the design of gear systems for these aircraft

which operate at ground speeds up to and above 100 knots.

In 1967 the Air Force began a series of tests using the Landing Loads Track

at the NASA Langley Research Center to study soil/wheel interaction under

controlled conditions (Reference 1) to develop better analytical soil models.

So far only one tire size, o 29 x 11-10 8PR Type III, has been tested. Parameters

investigated include wheel load, speed, tire pressure, soil hardness, and free

rolling and braked conditions. These tests and a limited amount of aircrcft data

comprise almost the entire amount of experimental information available today

for wheels operating on unpaved surfaces at speeds above about 20 knots. A

summary of the soil conditions and types and the wheel configurations included

in the test programs at the Landing Loads Track is shown in Table I.

Soil inertia forces have been found to strongly influence the behavior of wheels

at high speed. At 90 knots the wheel used in this program produced little rutting

for the same wheel loads and soil strengths that were fouid to produce several

inches rutting at 5 knots. From 30 to 50 knots, rutting increases with increasing

velocity; whereas it was previously thought that low speed rut depths were the

maximum ever obtained and that it was unnecessary to study the wheel behavior

at high velocity. The information gathered in this program proves that consider-

ation must be given to the forces and deformations at high speed.

In the current study soil load-deflection properties have been based on methods

developed by the U. S. Army Waterways Experiment Station. Their procedure

was chosen as that most representative of wheel loading of soils. It is desirable

as more tests are made to improve upon these relations and to eventually develop

a generol method for calculating soil load-deflection chcracteristic. undcr moving

"2
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wheels with a minimum number of empirical constants. Much of the empirical

data in this report is the result of a limited range of test data and the lack of

suitable instrumentation to measure tire deflections and footprint pressures at

high speed. These deficiencies can be corrected in the future through contin-

ued research and development programs.

Results of this study of wheel behavior at high speed ore encouraging, and it is

probable that analytical expressions can be developed for calculating these

forces except for semi-analytical determinations of a wheel lift and drag co-

efficient. Analytical techniques con possibly be developed which relate these

coefficients to the geometry of a particular tire.

The soil model has been incorporated into a prototype aircraft taxi and take-off

simulation computer program using the C-130 aircraft.

4



SECTION II

SOIL/WHEEL INTERACTION MODEL

The term "soil/wheel interaction" refers to the rutting of a soil surface over which a

wheel rolls and the influence of these ruts upon loads applied to the wheel. Both the

ruts and the applied loads are mutually dependent upon the magnitude of each other, and

this mutual dependence is called interaction. This interaction occurs between the vertical

load and the rut and between the drag load and the rut.

Through a phenomenon called "slip sinkage" (2), a braked wheel produces drag loads

higher than a free rolling wheel. These drag loads increase the rut depth over its free

rolling value. The increased rut depth then contributes to higher drag loads becausf of

the larger rut cross sectional area. A phenomenon similar to slip occurs on a free rolling

wheel as soil inertia forces increase drag loads at high speed.

The experimental results for this program were obtained at a constant wheel load rather

than at a constant penetration into the soil surface. The results thus contain the types of

interaction seen on a vehicle which ruts the surface at a depth determined by the applied

loads.

Figure la shows how a typical rut for a 30 inch diameter wheel loaded to 5300 lb. varies

with velocity between zero and 90 knots. The velocity axis has been arbitrarily divided

into three regions. Region I, the low speed region from 0 to about 20 knots, shows that

the rut begins at a maximum and decreases to 63% of the zero speed depth. Region II,

the intermediate speed region from 20 knots to around 40 knots, indicates an increasing

depth with increasing speed to 72.5% of the zero speed depth. Region III, the high speed

region above 40 knots, shows that the rut, after reaching a second maximum, continues to

decrease with increasing speed. At 90 knots it is only 40% of its zero speed value.

Figure lb shows the drag loads applied to the wheel as it forms the ruts shown in Figure

]a. The drag load shows behavior similar to the rut depth.

5
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Clearly the rut depth and drag load quantities ore related to each other. By a cross

plot they are found to be approximately linearly related as shown in Figure 2. These

data points were obtained by taking the average values of rut depth and drag load for

a constant speed at each of the points shown, thus representing an equilibrium condition

at each speed.

Bucause of the interaction of the rut depth and the wheel loads, neither quantity is

independent of the other, and therefore, in an analytical model they must be calculated

simultaneously. Subsequent parts of this section explain how this is accomplished.

I. DEFINITION OF TERMS

Thiee are several terms and definitions used in the development of a soil/wheel model which

are not commonly used by aerospace engineers. The most significant of these terms are

discussed, and references given for obtuining additional information.

a. Soil Properties

The important properties to be considered are soil strength measurements used to define

test conditions, the dimensionless quantities which arise from on analysis of the soil/

wheel system, and the parameters used to distinguish different types cf soils.

(I) California Bearing Ratio

The expression CBR is an abbreviation for California Bearing Ratio, which is a measurement

of soil strength. In simplified form this number is the ratio of the load required to deflect

a soil 0. 1 in. to the load required to deflect a standarc crushed gravel 0. 1 in., using a
2

3 in. piston. A load of 3,000 lb. (i,000 psi x 3 in. 2 ) is required to deflect the

gravel 0.1 in. Since CBR is expressed as a percentage, the ratio is multiplied by 100

to obtain the CBR number. Additional information on CBR measurement is contained in

Reference 3.

7
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For the range of clay soil strengths that have been used in the experimental program,

the force required to deflect the piston 0. 1 in. varied from 45 lb. at CBR 1.5 to 132

lb. at CBR 4.4. These forces represented soil pressures of 15 psi and 44 psi respect-

ively.

(2) Cone Index

Cone index is measured in the field using either a standard penetrometer with a 0.5

in.2 base area 30° cone or on airfield cone penetrometer having a 0.2 in.2 base area

300 cone. Cone index is obtained by dividing the applied force by the cone base area.

Penetrometer measurements ore sometimes substituted for CBR tests. Time savings from

use of the penetrorneter may be as much as 100;1 if excavation is required to obtain the

CBR/depth profile. Reference 4 discusses the airfield cone penetrometer. Throughout

this report a cone index to CBR ratio of 50:1 is used for conversion. If a different ratio

is used for other soils, empirical constants developed herein will hove to be adjusted

occordingiy.

(3) Rut Depth Measurements

Rut depth is the d:fference in the profile of the undisturbed soil surface and the profile

of the center of the track left by wheel passage referenced to a fixed elevation. Both

rod and level profiles and continuously recorded profiles have been used. Continuously

recorded profiles provide improved results because of the better definitions of transient

effects caused by changes in wheel loading.

(4) Mobility Numbers

The Waterways Experiment Station (WES) developed the concept of mobility numbers

through dimensional analysis and from cross plots of a large rumber of tests for a range

of tire sizes. Test results were reduced to sinkage ratio, Z /d. versus mobility number,

Q, as shown in Reference 5. For clay the mobility number has been defined as:

Fh



For sand the mobility number has been defined as-

3

G(bd) 2  (ts- Ft h (2)

Ft h t

Mobility numbers incorporate the important parameters which relate tire properties

to soil conditions. So far, these relations have been developed only for cohesive

materials as represented by buckshot clay and for frictional materials represented

by Ytrna sand. Insufficient test data is available to predict accurately the behavior

cf mixtures of clay and sand, a loose compactib:e soil, or a hard soil having a wet

surface; however, these materials are believed to hove response choracteristics

between those of cloy and sand.

Tire properties included in the mobility numbers are discussed below under Item b.

(5) Dimensional Analysis

Relationships which led to the development of the WES mobility numbers were

derived by dimensional analysis. Briefly the procedure consists of grouping all of

the system variables into feasible relations in which dimensions cancel to produce

a "dimensionless" quantity. By further physical reasoning, the number of these

relations may be reduced to a minimum. Reference 6 presents a general development

of the technique. References 7, 8, and 9 apply the procedure to the problem of a

wheel rolling through soil . Reference 9 shows the detailed development of the sand

mobility number.

Extension of the dimensional groups to include inertia effects at high speed was

discussed in Reference 7, but no additional work was done in this respect on the

present program using dimensional analysis in the development of the recommended

soil model. The empirical relations obtainred are, however, dimensionally correct.

10



(6) The Dynamic Fuctor

Experirrents have shown that the deformation of soil decreases as the rate of loading

increases. Conversely, when a rolling wheel comes to rest it will sink to a greater

depth during the first few seconds after it is stopped. This effect takes place at too

slow a rate to be considered as inertial resistance of the soil particles and is attributed

to time dependent propagation of intergranular stresses and friction.

The Waterways Experiment Station has made plate sinkage tests to determine a dynamic

factor which, when multiplied by static sinkage, attenuates the sinkage by an amount

which is proportional to the rote of loading. The dynamic factor is described in

Reference 5, and shows that there is no attenuation for a load pulse duration of 4

seconds but that the attenuation is 2.3 for a pulse duration time of TL second.
2.3 100

The empirical equation is:
-1.27 t

D =1,0 t 1.34e p (3)

Most of the velocities tested were greater than 5 knots. These velocities correspond to

pulse durations of 0.24 seconds or less. The dynamic factor was then alwi~s greater

than about 2.0. Since Equation 3 has an asymptote at 2,34, it is seen that there is

not a large change in the value of D ov.•r the velocity -ange considered compared to

the change from zero (D-l .0) to 5 knots.

(7) The Bekker Equation

Mýany investigators have based their calculations of wheel sinkage on the Bekker

Equation:
K cnp c-+ K•) Zs (4)

where p is the applied pressure

b, is the footing width

Z is the rut depth

L4



K is the soil cohesive modulus
C

K is the frictional moduluw.
n is an orbi;rary exponent related to the properties of the

particulo; soii beirng used.

C.r the modified equation by Reece (Il):
n

The model pfcsewited i1n tins report does not utilize these sinkoue equation,, and the

parameters K , K .nd n were not measured as a port oý the teý,' pvogram.

By properly choosing the value of n ii should be possibie to correlate -toti,. and t ow1'1g

sinkage test data with Equations 4 ond 5; however, .hey have no velocity deoenrecnt

relutlons and cannot, without modification, predict the velocity deperdent behavior

of the test wheel.

Reference 7 contains equations which relate the value of K c and Ko to th' cone index,

Cl, and Reference 8 relates these quantities to CBR. In both cases the relations are

only approximate.

b. Tire Geometry

The important tire geometric properties have been found to be the tire diameter, width,

section height, and deflection under load. These quaniities are illustrated in Fiý1ure A

and are obtained from tire manufacturers' publish.ed data (11). They are incorporated

into the soil sinkage calculations 1hrough the mobility number as dis,;ussed obove under

Item a.

(I) Rolling Radius

The rolling radius of a tire has been estimated (12) to be:

R =R - 1/3 5 (6)

12



Figure 3. Tire Geometric Properties

13



for hard surfaces. I1 is not possible to determine accurately the rolling radius on a

soft soil without some measurement of the instantaneous tire deflection, and it was

not obtained during these tests. The hard surface approximation is being used until

better information becomes available. Rolling radius versus tire inflation pressure

using Equation 6 is shown in Figure 4. For the tire pressures tested the radius varies

from 13.12 in. for 30 psi to 13.56 in. for 70 psi at a 5300 lk. load.

(2) Tire Load Deflection Curve

The load deflection curve for the 29 x 11-10 8PR type III tire used in this test program

is shown in Figure 5. It is re-plotted from manufacturers' published data (13). From

these curves the tire deflections, 5t, used in the computation of the mobility number

are obtained. /Vtynitudes ranged from 2.3 in. at 70 psi to 3.54 in. at 31 psi for a

:300 lb. load.

(3) Footprint Pressure

Soil is deformed by pressure applied inside the tire footprint and is proporrional to the

magnitude of the applied pressure in a non-linear manner. The pressure sinkage

relationship varies with the soil strength and the rate at which it is loaded, decreasing

in sinkage with both strength and rate of loading increases. In addition the pressure

underneath the tire is non-uniform. No equipment has yet been developed to measure

these pressures under pneumatic tires at high speed, but some work has been done on

rigid plates, rigid wheels, and pneumatic tires at low speed (14), (2), and (15). These

tests have shown that the pressure distribution in the soil is not uniform under a "ooded

surface, even under flat plates. The pressures under a rolling tire are usually divided

into normal pressures perpendicular tc, the local surface of the tire 'nd shearing

stresses along the circumference of the tire. Pressure is assumed to be constant Ocross

the width of the tire although this has not been found to be true in the ccse of rigid

wheels (16).

A wheel rolling free at constant velocity is in a condition of rotational equilibrium

with aoh forces urid roorants balanced. Vertical load is supported by pressure applied

14
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in the tire footprint and ultimately through the sidewall. Pressures are not uniform, but

the integral of the pressure over the area of contact must equal the applied load. Under

!igh drag load conditions, as encountered in deep ruts, the pressure centroid must shift

forward of the axle centerline in order to provide a balancing moment which equals the

drag moment and maintain zero angular acceleration. If this condition were not true,

the unbalanced diag moment would accelerate the wheel and force it to go foster than

the towing vehicle. Obviously this does not happen and the wheel is in a balanced

condition.

A forward shift in the pressur6 centroid increases the pressure under the wheel above

the average footprint pressure at zero speed. Increasing pressurE ahead of the wheel

axle increases the rutting. It is quite evident in the test data as illustrated in Figure 1

and is called drag load interaction. For the 30 inch wheel the amount of rut increase

necessary to bring analytical and test results into approximate agreement was found to

be 0.28 in. per 1,000 lb. drag load at CBR 1.5.

(4) Tire Footprint Length

Tire footprint length is used for inertiol lift calculations and to determine pulse loading

time of the soil for calculating a dynamic factor.

This length is:

Lt =2 / d( 8t -tZs)-( at +Zs) 2  (7)

us determined in Reference 5 and is the length of the chord of o circle having a

diameter equal to the undeflected tire which has penetiated the ground a distance

(t +Zs). 8t must be the hard surface deflection since tire deflections in soil have not

been obtained. Reference 12 indicates that tire distortion by vertical load may reduce

the footprint length by approximately 15% on a hard surface, but any change caused

by vertical load distortion while the tire is rolling in a rut has been neglected.

17



Figure 6 shows the footprint length of a 29 x I 1-10 8PR tire versus sinkage for 3 tire

pressures. It varies from a minimum of 15.5 in. to a maximum of 25.2 in. for rut

sinkage to 4 in.

(5) Vertical Load

Load applied to the soil surface is equal and opposite to the vertical load applied at

the wheel axle. This load is distributed over the surface of the soil in proportion to

the local tire footprint pressure. The vertical load is assumed constant for a freely

rolling wheel on a smooth surface. Local undulations in the surface will induce

oscillations in the vertical load, generally in proportion to the amplitude of the

undulations for small amplitudes. Any factor which abruptly affects the rut depth

can change vertical load. These factors include changes in soil strength with distance

traveled, brake application, and brake release. Usually these load oscillations

produce potholes or "washboarding" of the surface with repeated passes.

There is some amount of filtering of both the tire loads and abrupt rut depth changes

because of the finite footprint length and because internal inflation pressure limits

the radius of curvature of the tire for local deformations (assuming that the forces are

not large enough to cause puncture). Interaction of the tire with roughness or surface

strength changes over distances less than the tire footprint length are not well understood

and are usually neglected. However, since they may be important for some applications,

they deserve further study.

(6) Rate of Soil Deformation

Soil deformation takes place from initial contact of a point on the tire with the soil

surface until the axle posses over this contact point. The load history of this particular

point in the soil is a pulse. Duration of the pulse is proportional to wheel forward speed.

The derivative of this pressure vs. time pulse is the instantaneous rate of loading.

18
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As a first approximation pulse time is taken as:
L
tt p =- (8)

from Reference 5.

At high speeds this expression may approach a value of:

Lkt=
p 2 (9)

because the tire is increasingly supported on the fr,-i!. half of the footprint length.

Soil inertia forces cause the footprint pressure centroid to move forward and the

pressures to become small quite rapidly aft of the axle centerline. Reference 17

assumes pressure to extend only 100 to 15* aft of the axle.

Pulse times are shown in Figure 7 for the test wheel and vcry from 0.24 seconds at 5

knots to 0. 0076 seconds at 100 knots.

2. A RECOMMENDED MODEL FOR THE FREE ROLLING SINGLE WHEEL

During the development of a rut depth and drag load prediction model, attempts hove

been made to use mathematical relationships which are consistent with as much of the

available experimental results as possible. Three approaches to a soil model have

been considered. These are the mobility number relationship (15, 18), the 3ekker

sinkage equation and its modifications (19), and a spring-mass-damper system (20).

The mobility numb,.r concept is chosen to represent the soil load sinkage relationship

(excluding inertia forces) because of the considerable amount of experiments carried

out with wheels during the development of the mobility numbers. The Bekker equations

were excluded because insufficient test information using wheels to establish the load

sinkage relation was available and because soil constants, Kc, K o and rn, necessary

to utilize these equations were not measured in the test program. A spring-mass-damper

system has been considered as an alternative model and is discussed in more detail below

in a separale item.
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Inertia forces representing drag and lift have been combined with empirical mobility

number load sinkage equations in the model. A drag/rut depth interaction (which

can be converted to a pressure sinkage interaction) was observed in the tests. It is

also included. A schematic representation of the model is shown in Figure 8. It

consists of four forces acting through springs (in the sense of a load deflection

relation). Two of the spring forces, the tire spring and the drag interaction spring,

act in a direction to increase rut depth. Two other spring forces, the soil resistance

and inertia lift, act in a direction to reduce rut depth. Solution is by calculation of

steady state equilibrium forces through iteration. This method was recommended in

Reference 7.
II

a. The Tire Spring

The tire spring is represented by its non-linear load deflection curve from Figure 5.

There is no damping associated with this spring, and to calculate forces or deflections,

the load is assumed to be applied at a point.

b. The Soil Spring

The soil spring is represented by an empirical mobility number relation. This equation

indicates that rut depths decrease with increasing mobility number as:

AZ [c.120 8  .0095 d (10)so; 1' -. 9468

spring

for a cloy surface, and

Z = [ .'3239 -. 0017]d (11)Ssoil • 63

spring

for a sand surface. These quantities show a rapid decrease in sinkage with increasing

values of Q' and a' . The range of mobility numbers encountered during testingC 5

was from 2.6 to 7.9 for clay at CBR 1.5 and 2.3.

22
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For wheel velocities above zero, mobility numbers are multiplied by the dynamic factor.

"T:)e product of the dynamic factor times the mobility number is coiled the dynamic mobility

number and is designated by the symbol aL'. Since the dynamic factor is always equal to

or greater than one, the dynamic mobility number is greater than the mobility number fl

Predicted ut depths from Equations 10 and I I thus show decreasing rut depths above

zero speed because of the increasing dynamic factor.

Figure 9 shows predicted sinkages as a function of soil strength using Equation 10. The

forward velocity is zero (D=1 .0 and cl = nc' ,and predicted sinkages are for 70, 45,

and 30 osi with cone index values from 25 to 400. These cone indexes represent CBR's

from 1 .0 to 8.0. Tests were run between a point just above instability due to excessive

sinkage to the point of negligible sinkage. This was from CBR 1.5 to CBR 4.4.

Predicted sinkages ranged from 2.6 in. to 0.5 in. Maximum measured sinkage at zero

forward speed was 3.17 in., and the minimum was below the resolution of the measuring

equipment. For a 5,300 lb. load on the test wheel, the range of soii strength that will

produce useful test information is quite narrow. The entire range of soil strengths te:ted

represented only 5.3% change in the soil moisture content at 89.5% saturation.

Figure 10 shows the predicted and measured sinkoges for a sand surface using Equation II.

Only one sand strength was tested.

As shown in FiOures 9 and 10 the WES mobil;ty numbers did not proauce as great a spread

in sinkage with changing tire pressure as was found in the test dala. Since the only

variable in the mobility number that changes with tire pressure is the deflection, 6 to

the numerical vnlue of the exponent on 8t was increased from 0.5 to 1 .2 for clay and

from 1.0 to 1.5 for sand in order to increase the spread with tire pressure. The revised

mobility numbers are:
Cl(bd) ( st) .534)

c t (ht) (12) 4
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for clay, and
G (W /2 8 1.5

= _____t (.491)
s F ht t (13)

for sand.

The numerical constants in parentheses shown in Equations 12 and 13 adjust the entire

mobility number independent of tire pressure so that the rut depth predictions did not

change when the exponents on 8t were increased. The number also contains a 15%

adjustment that resulted from a tire ply rating change in the analysis. It was included

here to avoid re-calcilating all of the empirical constants after a satisfactory compari-

son had been rmade at a differen: ply roting. If it is necessary to change the predictons

for all tire pressures by a constint .,mount, it can be accomplished by an apprcpriate

factor on Equations 12 and 13. The factor is determined by curve fitting.

c. Drag Interaction Spring

The drag interaction spring is the most difficult portion of the soil model to justify.

It is based on the hypothesis that the equilibrium rut depth is not dependent upon the

wheel vertical loading only, but that it is also dependent upon the drag load reaction

in the soil; thus these quantities are inter-related and cannot be determined independ-

ently.

Figures 11 and 12 show schematic pressure distributions that are believed to exist in the

soil and the resulting force diagrams. At low speeds illustrated by Figure 11, the

inertia forces are small and the pressure distribution is not much different from that

underneath a static wheel. The rut depths are decreasing in this region with increasing

velocity because the effective soil strength is higher due to increasing rate of loading.

These soil strength changes are represented by the dynamic factor correction discussed

above. Above about 20 knots, inertia forces start to predominate in the drag load. The

moment about the wheel axle caused by the drag load has to be balanced by a load

generated from a distortion of the footprint pressure. This pressure distortion produces
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higher normal pressure on the soil and thus deeper ruts. The tire has a tendency to

"dig in" as speed is increased. Figure 12 shows a possible pressure distribution for

velocities above 20 knots. Although tire deflection is not shown in Figures 11 nd 12,

it will be greatest at the point where maximum pressure is applied. The tire will be

flattened to a greater extent along the slope of the rut than it is direcily beneath the

axle. Reverse curvature o! the tire may occur at the point of moxivwm pressure. At

this time no limit of the local pressure to a value equca to the tire inflation pressure is

seen for either soft or hard surfaces.

Drag interaction would soon immobilize u wheel except that the wheel drag coefficient,

CD1 continuously decreases with ricreasing velocity. At some speed the continuing

reduction in the drag coefficient mare than offsets the tendency of the wheel to "dig in",

thus resulting in a peak in the drog load and the rut depth.

Re'ferences 1, 5, and 21 have referred to the speed at which the peak drag occurs as

the "planing" velocity. The use of this term to describe the peak should be discontinued,

as the wheai is definitely not planing. In fact it is at its deepest point in the soil for any speed

except for static and low speed towing conditions. A more appropriate term would be

"transition velocity".

There may be a planing speed for wheels on soft soils, but it wou'd have to ,•cur at

high enough velocity that the soil inertia lift force would equal the whee! weigtit. This

would probably not occur below 100 knots for most large aircrcft tires,

The amount of rutting that is caused by the drag ioad was first detormined trnpirically from

test data. A semi-analytical procedure was later developed and i! discussed below under

Item f. Figujre 13 shows the incremental rut depth caused by interoction 0, n function of the

drag load and as a function of the soil strength. The equotion represented .:

KdF

AZ d x -
s 0fg8 (14)dro• (1)29
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Figure 13. Incremental Rut Depth Caused by Drag Load
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It was previously thought that Kd was a function of tire pressure and that &Z varied

inversely with cone index (21), but additional calculations have shown that a rag better

overall fit to experimental data is obtained with Equation 14.

d. The Lift Spring

As wheel speed increases, soil Inertia forces are generated and these forces resist

deformation of the soil. They are large at high speed and are not included in the

mobility number representation of soil sinkage and will not appear in a load deflection

curve for soil that is loaded at a slow rate (over several seconds). In the soil model this

force is represented as an increment which is proportional to the square of the forward

velocity of the wheel. This force is not lift in the sense of circulation about an airfoil

but is similar to the force which separates a hydroplaning tire from the pavement surface

or the force which supports a planing flat plate on the surface of deep water.

The force generated on the tire is assumed to be of the following form:

F I = 1/2 p b Lt C LV 2  (15)

The net force on the wheel which causes penetration into the soil is then:

F net -Ft- 1/2 p b L CL V 2  (16)

Since the rut depth is proportional to the net force applied or the difference of the

applied force and the soil resistance to deformation (until depth equilibrium is reached), a

rut depth increment is proportional to some factor times the inertia force, or:

AZ lift = KI ( 1/2 P b L tCL V 2 ) (17)

(C1)
0 .8

The constant KI is the form of a reciprocal spring constant since it converts the force into

a deflection. The lift coefficient, CLO cannot be computed directly from the tests

because of the way in which they were run. A constant vertical load was used so that

the soil reoation is always equal and opposite to this load,
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In the absence of any additional data CL from Reference 5 is used. It is shown in

Figure 14. The amount of rut depth reduction from the lift is determined from the

value of K Figure 15 shows the magnitude of the rut depth reduction as a function

of the lift force and the cone index. The variation of the value of KI inversely

proportional to (Cl)0.8 is somewvhat arbitrary at this time and is used to be consistent

with the variation of the drag interaction term.

Figure 15 shows that the lift interaction is quite small for values of lift up to 1,000 lb.

The maximum value of AZ at 100 knots was, however, 0.246 in. in the analyticalSl ift
solution or a lift of greater than 10,000 lb. Since this magnitude of lift cannot be

obtained with a 5,000 lb. ballast load, it indicates that although the product of

KICL may be approximately correct CL actually is too high and KI is too low.

e. The Drag Load Equation

The equation used to solve for the drag load is:

F+Z F +1pbZ C V2

x 0 L t sD (18)t

Z

as was used in Reference 5. The term, (p ° L ) Ft, is the drag which would be
expected for a wheel starting from a zero speed condition. The second term is

the inertia force caused by the motion of the wheel. It is based on the assumption that

soil can be represented in the same way that flow is represented in aerodynamic or

hydrodynamic problems, This assumption appears to be satisfactory at least for the

soils tested in this program. All material was in a near saturated condition at high

moisture contents.

The magnitude of the drag load is highly dependent upon the drag coefficient, CD, and

the manner in which it varies with velocity. Figure 16 shows the CD used in the
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analytical model. Superimposed on the function used ore experimental values of CD

computed by rearranging Equation 18 to the form:
Z

Fx - a( + Lts.) Ft
x a t

D 1/2 Pb Z V2  
(19)

and using measured values of F., Zs, and V. 5300 lb. was used for Ft in all cases.

The curve used in the analytical calculatlion: approximates the test data well from 20

knots to around 80 knots. The analytical curve falls below the average of the test data

above 80 knots. It is suspected that this is caused by the lift term's being too low, which

would in turn cause higher predicted ruts that must be reduced by a reduced drag

coefficient.

f. Selection of Interaction Coefficients

Interaction coefficients were first developed by trial and error for the 29 x 11-10 8PR

tire. These coefficients will also be needed for other tire sizes in order to have the

model generally applicable. A pressure deflection curve will be needed for the soil

material loaded by the particular tire being studied. This con be obtained from pressure

sinkage theory or preferably from tests.

(1) Drag Interaction Coefficient

The drag interaction coefficient has been successfully calculated for the 29 x 11-10 8PR

tire by assuming that the drag interaction is proportional to a footprint pressure increase

which may be equated to a footprint area reduction as in Figure 17. The center of

pressure shift, X , of the vertical load is first calculated according to the equation:c. p.

F
X = (R (20)

c.p. r

The area reduction is then assumed to be the product of the center of pressure shift and

the tire footprint width:
A= X (b) (21)

cp
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The pressure increase caused by this area reduction is then:
F

a t

Np is considered as a pressure increase, and the incremental rut depth caused by this

pressure increase can be estimated from the load sinkage curve shown in Figure 18.

(2) Lift Coefficient

Without the benefit of tests run at constant depth of penetration instead of at constant

load, it is not possible to calculate an accurate lift coefficient. in the absence of any

better test data, o. additonal theoretical calculations, the lift coefficient shown in

Figure 14 should be used.

(3) Mobility Number Chan~ies

Fig'Jres 19 and 20 show the range of the dynamic mobility numbers calculated for CBR

1.5 and CBR 2.3 clay soil using Equations 23 through 33. The location of the cross

hatched vertical bars in relation to each other defines the relative magnitudes of sinkage

that will be predicted for the differenr tire pressures zhown. If these bars are close

together the predicted results will be close together for the different tire pressures as was

found when the WES prediction was used as in Figure 9. The only term in the mobility

equation which changes with tire pressure is the tire deflection, 5 . As tire pressure

changes the value of 8t changes. In the WES mobility numbers the value of the number

is proportional to 8 t which is less than a linear variation. It was found in tests that the

29 x 11-10 8PR tire varied more in sinkage than would be expected from the 3 variation

in the mobility number. Consequently the value of the exponent on 8t was changed

from 0.5 to 1.2 for the calculations shown in Figures 19 and 20. Multiplication of the

mobility number by a constant will shift the mobility number to the left or right. This

was done to offset the effect of changing the exponent on at"
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Figure 19. Predicted Sinkage vs. Dynamic Mobility
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Figure 20. Predicted Sinkage vs. Dynamic Mobility
Number, Clay Surface, Ci = 115
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g. Method of Solution for Rut Depths and Drag Lcads

The equotins which are solved foi rut depth und drag loads are summarized here:

(1) Soil! Sprincg Equarions (for Clay)

Z 8, Z (23)

a aL t= 2 1f d Z -I Z a2 (24)

Lt (25)

D 1l.-1+.I1.34e I 27t (26)

1.2

o D CI (bd) at) (.534) (27)
1 .6 F (ht) 1/2

AZ _.1208 - .0095 Id (28)Soil - .9468
spring 'c 9

(2) Drag L.oad Equation

F = [;A +" F -,1/2 p bZ C V2 (29)
Lx 0 L d

(3) Inertio Lift Force Equation

F1 1I/2 P b .tCL V2  (30)

(4) Drc-g L•ad and Inertia Lift 1 ,t.eractions

K F(3)
'd ro , ( a )
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AZ 1 (32)
slilt ( [,

(.5) Rut Depth Equation (Sumnmation: of Deflect;on Components)

Z AZ AZ- AZ (33)
Sdr%39 s lift

Equation 33 is 5otvud implicitly Tor Z 6y rerrranging to the form

7z + A - Z = 0 (34)
s oi1 Jýiad g lfts

,,Prlr

These equ~o~luns Ole !-c'OAn rin flow' rhai form in Figure 21. The compute.- program

used to &ktain the soluilon is listed 'in Appendix C. Sample calculatotks ore shown

ini Appendix D~.

(6) Assumptions Used in the Equations

The wh'eel 4 ossume4 to be in o steady state condition wish no rotational or !incar

occele.-atiors. This i5 not a severe testriction as changes in tire deflection, rut

depth, cone index. or velocitM con be treated u~s ritep increments Gr~d a new A ilcu

solut~ci fo the eciuations established.

There is not enough. infiannuhvn k)otwn aboui tihe transient respcnse of ý're! to

predict the effec!s of the, raye of chancje of these pa'ameters, bý,t they ar-ý expecred

to be smo!! since -lie soil wi i. Oct.K a simoothing filter to atttnuate ar~y high fr'ýjoercies

(7) Comparisons to an Aiternot& M~c~j-

The, point of reoftrence i~r oK~u;~ f 'hn .~ot;ons above is the vwhe:-' axle . 'The

soil is contidvred to flow PcGsf rhý; wr.t~e a, a felc~cit> aqocl to the2 "Irw;!r velocity

&, ll'3 joel . A sirmilcr c~ocr0;I-:td sysem is used lo the study of a&rc-a~t flight Lind

ir. tke soiution of some hydrodyr'air.i:'s problems.

44



E -1

'CN

U-

45)



A somewhat different approach has been suggested (5) in which the soil and wheel are

made up of a series of springs that are deformed in a time sequence. The point of

reference is external to the wheel and the time history of a single point in the soil is

considered. The total wheel response becomes the summation of all of the deformations

of these points in sequence. This procedure has been preiously used in ti.e study of the

vibrations of building foundations (22). The approach is quite well suited to the study

of fixed structures where the only coordinate to be considered is the vertical motion.

When it is extended to the case of two coordinates with the motions in the horizontal

direction being many orders of magnitude larger than the motion in the vertical direction,

computational problems arise and the steady state solution becomes somewhat easier to

use.

3. A MODEL FOR BRAKING

The braking conditions studied herein are for a locked towed wheel. Intermediate

slip behivior has not been considered because of the short time to reach full brake

pre•,,reo usually around 0.3 seconds. More consistent results for the locked wheel

could also have been obtained at the higher velocities if more distance in the soil bed

h~ad been available for braking, but an attempt was made to obtain both free rolling

and braking coefricients in a single run.

Drag loads and rut depths caused by a locked wheel are higher than the corresponding

values for a free rolling wheel. At 20 knots the increase is 167% for the drag load

ratio and 141% for the rut depth with a single wheel at zero degrees yaw on Test Bed

IV. At 90 knots the increases are less, being 72% for the drag load ratio, and the rut

depths are approximately equal. This behavior is illustrated in the test results in

Section III below, particularly Figures 42 through 47.

It has been found that the braking loads and rut depths can be predicted using the free

rolling model with a change in the drag coefficient, C The revised coefficient is

shown in Figure 22. It produces a good comparison with boll, ,ut depth and drag load

test data at 70 psi tire pressure but predicts lower values than observed in tests for 45
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Figure 22. Drag Coefficient for a Braked Wheel
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and 30 psi tire pressure particularly at speeds below about 60 knots. These lower tire

pressure conditions could be predicted much closer with a coefficient which increased

with decreasing tire pressure. No variation with pressure was indicated for the free

rolling coefficient.

A possible explanation of the apparent increase in CD for 45 and 30 psi tire pressures

is that the tire sidewall is less stiff at lower tire pressures and distortion of the tire

causes the increase when brakes are applied. This deserves further study, as it has an

important inflence on the use of large !ow pressure tires for future aircraft.

4. A SECOND PASS MODEL

No second pass information was gathered during the testing phase of this program so

therefore only estimates of the wheel behavior can be made at this time.

a. Second Pass Equation

The rut depth equation for clay that should be used for second pass prediction is:

.0405 _.0038 1 d + 66Z - AZI (35)

c -1.5789 Sdrag lift

The empirical constants ore from Reference 5 and are a curve fit to WES experimental

data. AZ and AZ use the same coefficients as in the first pass model.5 Slf

Predictions drag of second pass behavior of the wheel are shown in Figures 35 and

36 of Item 6 below.

b. Recommendations

It is recommended that Equation 35 be used for second pass predictions until further

information becomes available. An area of soil response wnich has not received much

study is that of a compactible soil. This material is more likely to occur under natural

conditions than would be indicated from the amount of attention it has receiver' in

laboratory tests. The lower rut depth increment predicted by Equation 35 should account
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for port of the second pass response of a compactible material. As the number of passes

accumulates, the soil should become harder and then Equation 35 would predict more

rutting than might occur on subsequent passes. Little compactive effects were observed

in the clay test beds below CBR 4 because the water content was high enough that

remoulding of the material could take place without a corresponding strength change.

5. LANDING IMPACT

It ib frequently assumed that since a landing impact may generate vertical loads greater

than I "g", the rutting at impoct would be greater than during free rolling. This

assumption is not validated by either aircraft landing tests (with C-1 30 aircraft) or by

a limited number of tests at the Langley Landing Loads Track. The ruts actually start at

zero depth and increase to the free rolling value after spin-up. There is evidence of

skidding during spin-up in the form of material ejected to each side of the rut and

loosening of material in the bottom of the rut.

If drop tests are made at zero forward speed ihe sinkage is greater than that of a free

rolling rut because of the added increment of vertical load from dynamic response of the

landing gear.

The forward speed of most aircraft at touchdown will be in the vicinity of 100 knots or

more and at these speeds drag loads and rut depths are well below their peak at the r.-id

velocity range. Vertical load also starts to build up from zero as the aircraft is moving

forward. The vehicle will travel forward several feet before full gear load is applied,

thus accounting for the gradual increase in rut depth. Wing lift during touchdown also

tends to keep the rutting low.

Since the wheel is not rotating at impact, a drag torque must be applied by the soil to

rotate the wheel. As far as can be determined, this is equivalent to applying braking

torque except that in the case of spin-up slip begins at 100% and decreases instead of

starting near zero increasing to 100% as for braking. During spin-up there is probably

a smooth transition from the locked wheel drag coefficient to the free rolling drag co-

efficient proportional to the percent slip.
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From the limited amount of information available, it is concluded that conventional

landing operations will produce no deeper ruts during impact than free rolling ruts on

an undisturbed surface. Repeated land'ng impacts at the some location on an unpaved

surface would tend to cause accumulative surface damrage from a weakening of the

soil structure by the spin-up loads, but this damage is likely to accumulate less rapidly

than in the area where brakes ore applied.

6. COMPARISONS OF THE SOIL MODEL RESULTS WITH TEST DATA

Equations 23 through 33 of Item g. above were programmed for computer solution.

The independent variable, velocity, was varied from 5 to 100 knots in 5 knot increments,

Computer results we.e then compared with test data from the Landing Loads Track.

The drag load interaction ard inertial lift interaction coefficients were first determined

from the 70 psi CBR 1 .5 clay tests using the drag coefficient, CD, from Reference 5,

adjusted so that 1.0 on the normalized velocity axis corresponded to the velocity of

the peak drag load on the test curve. When it was realized that this drag coefficient

was too low at speeds below 1.0 on the normalized curve, a free rolling drag co-

efficient was selected by trial and error with the computer program. This coefficient

improved the model results at speeds from around 5 to 30 knots where both drag and

rutting predictions were too low (21).

The modifications of the mobility numbers in Equations 12 and 13 were made on the

basis of the spread in the rut depths for the 70, 45, and 30 psi tire pressures on CBR

1.5 clay and on sand.

Variation of the interaction factors inversely with cone index was not determined from

test data but was incorporated as a logical way to change the constants after poor

results were obtained when interaction was held constant while soil strength changed.
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A test of the validity of the model is whether it is capable of predicting results of

other test conditions not used in the model derivation. Comparisons have been mode

for data obtained at the Landing Loads Track. Unfortunately a sufficiently large number

of wheel sizes, soil strengths, and wheel loads have not heen tested to refine the

model with respect to wheel geometry.

Usually the differences in a model and an experiment can be attributed to random

error when the model ik known to be theoretically correct and measurements are

mode to verify well defined constants. In such cases the variations are subject to

statistical analyses to determine probable error and confidence. The analytical

model in this report consists of the primary variables which determine rutting and

drag. There are secondary variables which affect the solution to a lesser degrce but

nevertheless provide a bias in the data which is identifiable as being non-random in

a simplified statistical analysis. These second order terms include such items as the

true variation of lift and drag coefficients with tire pressure, soil strength, and

applied drag load; the actual cros!5-sectional area of the tire which is only approximated

by the quantity [bZ;. and localized variations in the soil loading rate instead of on

assumed average loading rate.

Another bias is introduced by arbitrary lift and drag coefficients rather than values

derived as a "best fit" to all of the experimental data available. There is also a

!ack of well defined mean values for the test data. In most cases only one experiment

was run for each test condition and, at most, two points were obtained for a few tests.

The means which have been drawn through the test data must of necessity be estimates,

All of these items contribute to differences between data and analyses which are not

random. The best error evaluation that can be made in this case is the overall average

difference without establishing confidence limits. As these deficiencies are corrected

through additional test data and through better identification of the secondary variables

in the analytical model, errors can be more closely evaluated using statistical techniques.
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a. Comparisons for Free Roiling on Clay Surfaces.

Figures 23 and 24 compare rut depths and drag loads from the analytical model with

test data on a CBR 1 .5 clay surface. Figures 25 and 26 show corresponding data for a

CBR 2.3 clay surface. These comparisons show that for some test conditions rut depths

and drag loads are higher or lower than the analytical model predictions fec: the reasons

discussed above.

The model predicted rut depths in CBR 1.5 cluy, cn the average, 11% higher than the

measured values. The average of the overprediction difference was 24%, and the

average of the underprediction difference was 11%. For drag loads on CBR 1.5, the

model underpredicts the measured values by an overage of 6%. The average of both

overprediction and underprediction differences was 13%.

On the CBR 2. 3 clay surface the rut depths predicted by the model were, for the overall

overage, less than 1% higher than the measured values. The average of the overprediction

difference was 34% and the average of the underprediction difference was 36%. Over-

all, the predicted drag loads averaged 9% higher than the measured values. The average

differences were 30% for overprediction and 17% for underprediction.

Examination of the individual comparison plots indicates where the analytical model and

test data differences occur. In Figure 23 the analytical model predicts too high for ruts

beyond 50 knots. This indicates that lift is too small at high speed. If lift is increased,

the drag coefficient will also have to be increased in this speed range to compensate for

reduced rutting since Figure 24 shows that existing predictions of drag load are correct.

Rut differences between analysis and test at 45 and 30 psi are attributed in part to

increasing errors in measured ruts as their accuracy becnrmes increasingly poor as absolute

magnitudes become small. Comparisons of ruts and drag loads on CBR 2.3 show that 70

psi tests are consistently under predicted. Nc trend is evident from 45 and 30 psi, but it

is noted that test data scatter is larger at these test conditions,
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Figure 23. Comparijocn' of Analytical and Test Ru't
Depths for CBR 1 .5 Clay
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Figure 24. Comparison of Analytical and Test Drag
Loads for CBR 1.5 Clay
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Figure 25. Comparison of Analytical and Test Rut
Depths for CBR 2.3 Clay
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Figures 27 and 28 sliew data for CB8R 4.4 clay. Rut depth test measurements were not

obtained for these tests, but they were quite smallI (or the order of 0, 5 i,.. and less).

Drag load measurements that were mode compare reasonably wellI with test data orn an

absolute magnitude basis.

b. Comparisons for Free Rolling on a Sand Surfacc.

Figures 29 and 30 compare rut depths and drag loads on a ýond surfuce with Qnalysis.

Only one series of tests was run on sand so comparisons for Qi strengqth variation could

not be made. For the single strength tested reasonably good agreement was obtained

between the model and test data.

Figure 29 shows that the overall behavior of the model and test resujlts are similar witk

respect to velocity and tire pressure changes. Test points are above and bebw

analytical pred';cted values. The average of test points greater than predicted is 22%.

The average of tedt p'.Ants less thaon predicted is 21%. The overall overap'e of lthe te'st
point Jiffercrnces is I .59% mrore than pred~icted.

Similar differences oi-e zeen ia Figure 30 for drag loads. 'rest points aobve psed~ctions

uveroyc ;3% greater while those which are below the predici ions average 21%/? iess.

TT,(, overall overago is 12% below predictions, To obtoin this agreemen', some changes

in toe coefficien~ts Ko1 r.c K I were required, The di-ag coefficient, Cis also mnuch

lower fa,- sand ihr fcr clay. The coefficient published in Reference 5, vqhich w=s

initially vscd foi, the cloy soil model, is still being used for the sand mnodel,

Improvement in occuiacy oft the rnodel for sand can lie expected whs-n dato is obtairie%!

over a range of strengths and for a range of wl-kei siz.es and loading,,s

c, Compaorisoni for Broking or, Cla-,

Cowsideroble difficulty was encouwer-z In obtainin'g good results with the braking

niodof (21). It has b'een founi, Jat th!ý best cgrtere "nt can be itamned by keeping

the mod~el identiecl wi;t6 *.r. free rollineg inodel c-xcept foi o change in the drag
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coefficient. From the improvement noted in the comparison of the model with drag load

test data at 70 psi it now appears that brake torque at all speeds can be accounted for

through the drag coefficient. If this assumption is correct, it means that braking effects

are caused almost entirely by the relative velocity of the tire with respect to the soil.

Once methods for evaluating this coefficient are obtained (through testing probably),

improved predictions con be made.

Figures 31 and 32 compare analyses with test data for CBR 1 .5, and Figures 33 and 34

compare analyses with test data for CBR 2.3. Good comparisons are obtained for drag

loads at 70 psi tire pressure using the drag coefficient from Figure 22. Not enough rut

data points were obtained to define adequately a velocity variation at this tire pressure,

but agreement with the available points seems to be rather poor as indicated in Figure

31. Drag loads at 45 and 30 psi are only about 509/6 as high as measured values over the

whole velocity range. This suggests that a drag coefficient variation with tire pressure

exists which offsets the normal decrease in rutting with reduced tire pressure that is

seen from free rolling tests. Further computations with a drag coefficient which is

allowed to change with tire pressure should be made to determine the amount of improve-

ment in drag prediction and its effect upon rut predictions.

Figures 33 and 34 show comparisons of the model and test data for CBR 2.3 clay. Some

improvement in the comparisons for rut depth over that for CBR 1.5 may have been obtained

at the lowest tire pressure, but substantial data scatter is present. Drag loads are again

only about 50% of the test vahoes.

d. Second Pass Predictionr

Figures 35 and 36 show a comparison between ruts and drag loads predicted for first and

second pass at 70 psi tire pressure on a CBR 1.5 cioy surface using Equation 35. Ruts

decrease from 2.4 in. on the first pass to 1.36 in. for the second pass at 5 knots; from

2.21 to 1.17 at 40 knots; and from 1.44 to 0.64 at 100 knots. The average reduction in

rutting for these three velocities is 47%. The drag loads decrease from 2000 pounds to

725 pounds at 5 knots, from 2810 pounds to 900 pounds at 40 knots, and from 820 pounds

to 300 pounds at 100 knots. The average drag load reduction for these three speeds is 65%.

62



29 x 1l-10 8PR Type IIl Tire
5,300 Lb. Vertical Load

3.5
Test Results
70 psi

--45 psi
3.0 - .~.30 psi

I.-%-Analytical Predictions

2.5 -

LU2.0

0

uLJ1.5

0 L

0 20 40 60 80 100

VELOCITY - KNOTS

Figure 31. Comparison of Analytical and Test Rut Depths
for Braking on CBIR 1 .5 Clay
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Figure 33. ComFnrison of Analytical and Test Rut Depths for
Braking on CBR 2.3 Clay
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Figure 34. Comparison of Analytical and Test Drag Loads
for Braking on CBR 2.3 Clay
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As discussed above in Section 11, these values are estimates based on the analytical

model.

7. AN ALTERNATE SOIL MODEL

The soil model presented above is based on the concept of constant soil rutting at a

constant forward velocity analogous to considering a tire deflection constant even

though the individual particles of the tire are undergoing a cyclic variation in their

deflection. The model is dependent upon the frame of reference used; in the recommended

model the frame of reference is the wheel axle. An alternate approach was suggested in

Reference 20 and shown here in Figure 37. In this approach the observer is located at

a single point as the wheel passes. A time history of the deformation and load at this

point is developed. Such a frame of reference is equally valid for studying wheel

response, but incorporation of the model into simulation of a complete vehicle presents

problems not encountered in the recommended method.

The recommended soil model uses iteration to convergence of a steady state value of rut

depth and drag load for a given vertical load, tire pressure, soil condition, and velocity.

Convergence usually takes place within 10 iterations. This method provides a direct

calculation of the maximum value of rut depth and of the drag load on the wheel axle.

The alternate model starts with zero initial soil deflection and computes a differential

equation time history solution to reach the maximum deflection at a point in the soil.

This maximum deflection must be known before any other time dependent computations

can be incremented. Since the differential equation time history solution is likely to be

slower than the !fcrotive solution, some means must be developed to provide proper time

sequencing between vurious parts of the problem (i. e. between the wheel loads and the

aircraft structural loads). Although direct comparisons have not been made, it i,

believed that the iterative process is much faster than fite differential equation solution.
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Figure 37. Proposed Alternate Spring-Mass-Damper Soil Model
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The alterrnutý model consists of repeated solutions of the differential equation:

m e Y =pa (t) -F spig-CZi (36)

where M eis the sicil effective mass, p 0(0I is the wheel footprint pressure itme history,

and C is the soil clunnpirig factor, The -values of M eand C are from Ref-!!rence 20,

F .wc'b taken as thý siatic load def lection ckvrve for ICBR 1. 5 clay as measured at
spring

the Landiog LcQds 'frack. The forc-ing function, p (0), wcus anisumed to be a (I COS~nc)

ýý.ape pulse of rduratiaon vorying linearly vvint, tl,:, iorward sp~eed of thc wheel. These

pueor4ý shiýHr in 2V F;u 3A for four spee~6s.

Fiy.,ýre 39 shovis time histcxy soiutio-z of F.~uctions 36 oý 6ifferfent whet~l veln:.ities. As

the wheet volocIty increases, the time during which tht; soil is io~ded decrecrsas and the

d,-.1Ictian decrecises. Figvie 40 is a plot of the muximurm iefi-ýction vs. wheel veloc[I/1 '

l~is a continrmi~ny decreasing function and does noi ex'nibt any evidenc~e of resnarit

:Ospouise to the single pulse load.

Tho magnitu.de oi the sivikog'., predkred by this mrneel is less than that predicted by the

WC5 rnibi!iry ni!r.:ber approach Jit by ortaper frijpust-'ent of the ma~ss, sprino, and

dismper numer~cal vc'lues, the cui-vas cculd arobablY, Le hýrcught inso clote agreement,

This modti a~ain points to tiie nfec.! for a d-ijp wiera1ct-or tenn whl)h increas.ýs th.e

pve.-ure pulse in proportio-i to tne drug load. 1; ; bchicved that oviltt idditic'nzil develop-

7n-tnt of tlis model andý incoc-poraliori .)f the --o,-ect*,rs aire'.dy appl ecd to the WES

rr~ob;I~ty rcpproacF., it cox.id produce about fife sant? accuracy as the recommended model.

The cornputcjiont tirne pi-oblerm n-entioned earlier would, however, remain. Figure 41 is

a sketcih of a pc~sible modification of the alternate soil model to incorporate the drag

force interaction and inertial lift.

A listing of the computer program used to obtain the results contained in 1-igures 38-40

is shown in Appendix C.
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Because of the failure to predict observed rut depth variations with velocity, and the

lack of a drag int-raction term in the equations, this model is not recommended for

computation of aircraft wheel loads.
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SECTION III

TEST RESULTS

The data reported herein are from the third series of tests that were made at the NASA

Landing Loads Track. Table I shows soii strengths and wheel geometry used for all of

the tests. In this test series a study was made of the yawed rolling properties of single

wheels for yaw angles up to six degrees. A tandem configuration was studied for C,300

pounds and 11 ,200 pounds loading on the two wheels. A few tests were run witlf a

rigid single wheel to compare with the pneumatic tire results.

All tests in this series were run on a buckshot clay test bed with an estimated overcige

strength of approximately CBR 2.4.

1. TESTS WITH A SINGLE WHEEL

Rut depths produced by free rolling and braking wheels are shown in Figures -!2 - 44 for

zero, three and six degrees yaw angle, respectively, for test velocities ranging up to

90 knots. The effect of yaw angle on rut depth is negligible for these conditions. Free

rolling rut depths varied from 2.4 in. to 0.86 in., and braking rut depths varied from

3.8 in. to 0.72 in. In all cases the braked wheel rut depths are higher than the free

rolling wheel rut depths at low speeds but approach the latter at about 75 knots, Some

rut depths are lower for braking at 80 - 90 knots. This was caused by dynamic response

of the test fixture. At high speeds the time during which the wheel is braked is quite

small, and the average vertical load may be less duriing braking than it is during free

rolling. In these cases the resulting rut depth may be less. Locking the wheel has little

effect on the rut magnitude in the 80 - 90 knot range.

At three and six degrees yaw angle the sensors used to measure drag load and lateral

load are rotated through the yaw angle and measure loads parallel and perpendicular

to the wheel axis instead of parallel and perpendicular to the direction of motion of the

test carriage. The convention reported here is consistent with aircraft loads usage for
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29 x 11-10 8PR Type III Tire

70 psi Tire Pressure
4.0 4,200 Lb. Vertical Load
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Figure 42. Free Roiling and Braking Rut Depths for Single

Wheel - Zero Degrees Wheel Yaw Angle
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Figure 43. Free Rolling and Braking Rul Depths for Single
Wheel - Three Degrees Wheel Yaw Angle
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29 x 11-10 8PR Type III Tire
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4,200 Lb. Vertical Load
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Figure 44. F •,c,:'%;ng and Braking Rut Depths for Single
Wheel - Six Degrees \'.eel Yaw Angle
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calculation of internal loads on fixed gear aircraft. For nose or main gears which

rotate with respect to the aircraft coordinate system or for calculations of accelerations

along axes that do n.t coincide with the principal directions of the aircraft axis system,

it may be necessary to transfer late,al and drag loads to a new axi4 system during yaw

conditions.

Figures 45 - 47 show drag load ratios for braking and free rolling at zero, three, and

six degrees yaw angle. Yaw angles of Ohese magnitudes have little effect upon drag

ratios. Free roling drag ratios varied from 0.52 to 0.14 depending on the wheel

velocity. Braking drag ratios varied from 1.03 to 0.32 and decreased with increasing

speed.

An evaluation of the effect of yaw angle on the measured drag loads was made from a

straight-line least squares fit of Ihe drag loads versus corresponding rut depths. For

equivalent sinkoges, ranging from 0. 5 in. to 2.4 in., drag load at zero degrees yaw

averaged 125 pounds more than a. three degr-.es yaw and 65 pounds more than at six

degrees yaw. The rcsults show that when averaging over this sinkage range, there is

no cotistent trend in the Jrag load results with yaw angle. Additicnol data at higher

yaw angles might better def;"c I,- relations among these test conditions and thus

indicate a trend, bL-t below six degrees, any change in the drag locds with angle wi!:

be quite small.

A similar least squares straight line fit of drag load versus rut depth was made foi yawed

wheel braking. This analysis showed that drag load at zero degrees yaw averaged 75

pounds higher than at threu degrees yaw and 220 pounds higher than at six degrees yaw

for equivaleni sinkage between 0.5 and 2.4 in.

The braking drag loads for zero degrees yaw averaged 950 pounds higher than the free

rolling arag loads for sinkages between 0.5 in. and 2.4 in.
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Figure 45. Free Rolling and Braking Drag Ratios for Single
Wheel - Zero Dgoiees Whee! Yaw Angle
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Figure 46. Free Rolling and Braking Drag Ratios for Single
Wheel - Three Degrees VWneol Yaw Angle
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Figure 47. Free Rolling and Braking Drag Ratios for Single
Wheel - Six Degrcca Wheel Yaw Angle
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Significant lateral loads are developed on a wheel when it is yawed at on angle to

the direction of motion. Figure 48 shows the lateral load to vertical load ratio

developed for free rolling on clay and on concrete fog three and six degree yaw angles.

Variation with velocity is small compared to the variation with velocity found for drag

loads. Lateral loads on concrete are significantly higher than on clay. At three

degrees yaw angle the clay lateral load ratio is only 35% of the lateral load ratio

for concrete, or about 0. 125, compared to 0, 36 for concrete. At six degrees yaw

angle the clay ratio is also 35% of the concrete ratio, but the ii,,gnitudes have in-

creased to 0.22 for clay and 0.625 for concrete.

Figure 49 compares lateral load ratios for free rolling with the lateral load ratios for

braking on clay. At three degrees the braking ratio is about 32% of the free rolling

ratio, and at six degrees the braking ratio is about 54% of the free rolling ratio.

These percentages are meaningful only in the coordinate system parallel and perpen-

dicular to the wheel. If the lateral load is resolved to an axis perpendicular to the

direction of motion it should be near zero since the locked wheel cannot, in theory,

develop a side force.

It is concluded from these tests that for wheel yaw angles up to 60 the lateral loads

are always lower on a soft soil surface than on a concrete surface. Braking lateral

loads are lower than free rolling lateral loads on the soil surface. The beh-'ior i

illustrated by time histories contained in Appendix A.

The decrease in lateral loads in soil over those encountered on hard surfaces at the

some yaw angle does not imply that an aircraft landing gear designed for maximum

hard surface lateral loads would be adequate for operation in soft soil. It must be

remembered that the lateral loads on the soil surface occur simultaneously with drag

loads which are much higher than are encountered on a hard surface for either free

rolling or braking. Each gear configuration must be individually evaluated to obtain
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29 x 11-10 8PR Type III Tire
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Figure 48. Comparison of Free Roiling Lateral Loac Ratios on Concrete
and Clay for Three and Six Degrees Yaw Angle
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29 x 11-10 8PR Type III Tire
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Figure 49. Comparison of Lateral Load Ratios for Free Rolling and Braking
on Clay at Three and Six Degrees Wheel Yaw Angle
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its capability for sustaining simultaneous loads. There may also be potential problems

of maneuverability on soft soil during crosswind operations or during taxi or turning

maneuvers.

2. TESTS WITH A TANDEM WHEEL

Tv~o 29 x 11-10 8PR tires were tested in tandem with a 40 in. axle centerline spacing.

Vertical load was 5,300 pounds on the tandem pair for a series of tests at 70, 45, and

30 psi tire pressure and I1 ,200 pounds for a series of tests at 30 psi.

Free rolling and braking rut depths are shown in Figures 5C, 51, and 52 for 70, 45,

and 30 psi. Peak ruts occur between 40 and 60 knots for free rolling and are 1.6 in.,

1 .1 in., and 0.58 in. respectively for the three tire pressures. Braking rut depths

decreased continually with increasing velocity at a slope of about 0.24 in. per 10 knots

above about 25 knots. The 45 psi and 30 psi rut depths for braking were quite close to

the free rolling values at 90 knots, but the braking rut at 70 psi was approximately 0.6

in. deeper than the free rolling rut at 90 knots.

Maximum braking ruts occurred at about 2C - 30 knots in a range that was nut studied in

great detail. It appears that there may be a peak in the braking rut depths in this speed

range consistent with the evidence seen in the single wheel tests, but not enough datc

points or,! available for good definition at either wheel configuration. Maximum rets for

braking at a speed of 30 knots were estimated to be 3.6 in., 1.8 in. and 1.0 in.

respectively for 70, 45, and 30 psi. The 70 psi braking rut depth of 3.6 in. compares

with on estimated 3.2 in. depth for the single wheel zero degree yaw case shown in

Figure 42. The difference from 3.2 in. to 3.6 in. is small enough to be caused by data

scatter and the 1100 pound difference in vertical load for the single wheel and the tandem

pair. It is concluded from Figures 42 and 50 that for equal tire pressures there are no

significant differences in the ruts formed by a single wheel and a tandem pair when both

assemblies are loaded to similar values.
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29 x 11-10 8PR Type III Tires
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Figure 50. Free Rolling and Braking Rut Depths for Tandem
,Wheels - 70 psi Tire Pressure
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Figure 51. Free Rolling and Brakirg Rut Depths for Tandem
Wheels - 45 psi Tire Pressure
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Figure 52. Free Rolling and Braking Rut Depths for Tandem
Wheels - 30 psi Tire Pressure
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Figures 53, 54, and 55 show the tandem wheel drag ratios. Peak free rolling drag

ratios for the leading and trailing wheels are approximately equal at each of the three

tire pressures tested. Drag ratios are approximately 0.42, 0.275, and 0.26 for 70, 45

and 30 psi. In all cases the peak drag load is reached on the leading wheel at a lower

speed than on the trailing wheel. The average difference in speed at the peaks is 19

knots. If 70 psi single wheel drag ratios from Figure 45 are compared with those for

the tandem wheel in Figure 53, it is seen that the trailing wheel peak drag rotio occurs

at approxim'itely the same speed as that for the single wheel. The magnitude of the

drag ratio for the single wheel and the tandem wheels is seen to be quite close when

Figures 45 and 53 ore compared.

At 70 and 45 psi braking drag ratios are higher for the trailing wheel. The average

difference is about 0.15 at 70 psi and about .08 at 45 psi. The data scatter in the

10 psi braking drag ratios precludes a definite conclusion as to the difference between

leading and trailing wheels for this tire pressure. The peak drag ratios for braking at

30 knots are 0.77, 0.77, and 0.64 for 70, 45, and 30 psi respectively. The data

points at 60 knots for 45 psi and at 63 and 88 anots for 30 psi were ignored since these

are beyond what is considered normal data scatter.

Figure 56 compares the 30 psi tandem wheel d,'ag ratios for 11 ,200 pound and 5,300 pound

ballast weights. There do not appear to be any significant differences in these ratios.

Figure 57 compares drag ratios for the single wheel and thl tandeni wheels for both irce

rolling and braking at 70 psi tire pressure.

Differences are quite small for free rolling; both the single and tandem wheel drag :atios

reach a peak value of about 0.41. The velocity for maximum drag ratio is about 35 knots

for the tandem wheels and about 43 knots for the single wheel. Over the velocity range

from 20 to 90 knots the average tandem ratio is 0.30 and the overage single wheel ratio is

0.29. Allowing for the differences in the wheel iertical load, the tandem wheels overage

220 pounds more drag per wheel then the single wheel. For braking, the tandem wheel

drag ratio average is 25% to 35% higher than the single wheel ritio.
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Figure 53. Free Rolling and Braking Drag Ratio! for Tandem
Wheels - 70 psi Tire Pressure
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Figure 54, Free Rolling and Brnking Drag Ratios for Tandem
Wheels - 45 psi Tire Pressure
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Figuro 55. Free Rolling and Braking Drag Ratios for Tandem
Wheels - 30 psi Tire Pressure
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Figure 56. Comparison of Drag Ratios for 5,300 Lb. and 11,200 Lb.

Tandem Wheel Loads
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Figure 57. Comparison of Single and Tandem Wheel Drag Ratios
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3. TESTS WITH A RIGID TIRE

A 29 x 11-10 8PR tire was filled with a rigid plastic foam having crushing strength of

approximately 2500 psi to provide a rigid tire of the some cross sectional profile as an

undeflected pneumatic tire. Because of time limitations only 6 tests were made with

this wheel, but the results show significant differences from those obtained with a

pneumatic tire. The primary differences are the much higher rut depths and drag loads

and the different mode of failure of the soil.

Figures 58 and 59 show the rut depths and drao. ratios for the rigid wheel. The pneumatic

tire drag ratios for 70 psi tire pressure are shown for comparison. There appear.. to be a

tendency for the rigid tire drag ratio to vary as the square of the velocity except for

the data points at 55 and 76 knots. It is possible that there is a peak in rut depth and

drag load between 55 and 76 knots and that the load will decrease at higher speeds as

shown by the eltinoted curves. The rigid tire drag ratio increases from about 0.5 in the

0 to 30 knot range to 0.85 at 75 knots.

From 20 knots to 75 knots the rigid tire rut depth is approximately 2.5 in. The 70 psi

pneumatic tire rut is about 60% of this depth and averages about 1.5 in.

The failure of the soil in the rut was significantly different for the rigid tire than for the

pneumatic lire. A pneumatic tire compresses the soil and forces it to flow laterally around

and underneath the tire. As brakes are applied on a pneumatic tire it begins to shear the

material and push it aside in large pieces. The bottom of the rut underneath a braked

wheel is filled with large lateral cracks indicating strong shearing forces.

The free rolling rigid tire produces a failure of the soil that appears quite similar to the

failure underneath a braked pneumatic tire. The pieces of clay ejected from the rut were
usually smaller for the rigid tire than those from a braked pneumat-c tire, but at 60 knots

and above they were thrown as far as 30 feet from the soil bed. Additional data points at
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Figure 58. Rut Depths for a Single Rigid Wheel
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Figure 59. Drag Load Ratios for a Single Rigid Wheel
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all speed ranges and further study of the soil mode of failure will be required before

ti,;s behavior of the rigid tire or its relation to the behavior of a pneumatic tire can

be explain•ed.
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SECTION IV

INCORPORATION OF THE SOIL MODEL INTO AN AIRCRAFT TAXI SIMULATION

An analog computer program was developed which incorporated the soil model

discussed above in Section II. The aircraft simulated was the C-130 shown below in

Figure 60 and was a proposed assault transport version equipped with a special landing

gear designed for rough field operation. The schematic of this landing gear strut is

also shown in Figure 60. It consists of two air chambers, one of which by-passes the

strut damper orifice to limit high damper loads during operation on rough surfaces.

The aircraft simulation included three landing gear struts, representing one half of a

symmetrical airplane, rigid body pitch and translation, thre, flexible wing modes, and

a deformable surface for each gear. A flow chart for this sik.-ulation is shown in Figure

61.

Runway roughness consisted of the centerline profile of an unprepared runway at Fort

Campbell, Kentucky, designated as site U-8 by the U. S. Air Force (5). It is

considered moderately rough. Computer simulations were made for constant speed

taxi over the entire length of the runway at speeds of 20, 40, and 80 ft./sec. and

for take-off runs beginning at one end of the runway.

1. TAKE-OFF DISTANCE DETERMINATION

The take-off studies were mode to determine if the surface roughness significantly

affected take-off distance and how much the soil strength changed the take-otf

distance. Results are shown in Figure 62.

Surface roughness does not produce any appreciable differences in the take-off

distances. As would be expected, the distances required to reach take-off speed

increase rapidly at the lower CBR strengths. At a value of CI = 200 (CBR 4) the

increase is 18% over the hard surface value.
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2. WING LOAD PEAK COUNTS FOR TAKE-OFF

Figures 63 and 64 show the shear and bending peak load exceedances during take-

off runs for wing station 550. Figure 65 shows the location of wing station 550 on a

general arrangement of the C-130E. This station was chosen because the dynamic

taxi condition produces the design loads at this location. The magnitudes of the

highest loads are less than for constant speed taxi over the entire runway and the

number of exceedances at each load level is less than those for the nighest speed

taxi runs. The number of exceedances at a given load level is slightly higher on

the soil surface at Cl = 200 than on the rigid surface because of the longer distance

traveled on the runway and the greater amount of roughness encountered.

Wing loads encountered on take-off are low and do not exceed the design limits of

16.8x 103 1b. for shear and 1.9 x 106 in. lb. for bending.

3. WING LOAD PEAK COUNTS FOR CONSTANT SPEED TAXI

Figures 66 and 67 show the shear and bending peak counts for constant speed taxi at

20, 40, and 80 ft./sec. These loads are higher than during take-off because uf the

longer distances on the rough surface, but the loads are still below the design limits.

Wing loads increase with increasing taxi speed, but the increase is partially offset by

wing lift. Wing lift buildup reduces the dynamic loads through decreased gear dynamic

response because the gear operates about a lower slope on the strut oirspring as lift builds

up. At 80 ft./sec. on a rigid surface the loads are reduced to approximately 50% to

75% of their value when wing lift is not included (1).

4. INCREMENTAL GEAR LOADS FOR (1-cosine) SHAPED BUMPS

Figuie 68 shows the incremental gear loads from constant speed taxi over (1-cosine)

shaped bumps at several frequencies for the front main gear. The crosshatched area

in Figure 68 represents the estimated spread in load caused by different wavelength

bumps and the interaction of the three gears with the bump. For a single gear

simulation, bump wavelength and airplane speed can be combined and expressed
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as frequency. However, as shown here, interaction on a multi-gear aircraft causes

more deviation from the idealized case.

5. RECOMMENDATIONS FOR FURTHER COMPUTER SIMULATION

a. Incorporation of Roughness in Take-off Analyses

This model has shown that since inclusion of roughness has little effect on the take-

off distance, for studies not including consideration of wing or gear loads the program

could be simplified to one using a smooth surface and static gear loads.

b. Pilot Inputs

No pilot inputs have been included in this computation. It is likely that there would

be some influence on take-off distance because of the pilot control over aircraft lift,

and the magnitude of the differences to be expected should be evaluated.
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SECTION V

CONCLUSIONS

1. A soil/wheel interaction model has been developed which identifies the four

primary factors that determine wheel ru's and drag loads. These are the tire

load-deflection spring rate, the soil load-deflection relation, and two inertia

forces. The inertia forces are lift and drag generated by the soil resistance to

penetration at high rates of loading.

2. Secrndnry factors have been identified which require additional testing and

,na'yses for adequate definition. The most significant secondary factors are

the drag and lift coefficient variation with tire pressure, tire cross sectional

area and forward velocity, tire/soil interface pressure distribution underneath

the wheel, and tire shape (cross sectional area and effective rolling radius)

in the soil.

3. An alternate soil model as shown by Figure 37 was compared with the recommended

soil model as shown by Figure 8. Trial solutions with the alternate soil model did

not produce the characteristic soil deflection-velocity relationships observed in

the test data as seen from Figure 40. The differences are believed to be caused

by the lack of a drag load interaction term. A suggested method of improving the

alternate soil model by including drag interaction is presented, but an evaluation

of the amount of possible improvement was not mode.

4. Pressure-sinkage curves for additional wheel sizes and soil conditions are needed

in order to estimate drag load/rut depth interaction by the method in Equations

20-22 and Figures 17 and 18. Improvements in estimates of the drag load interaction

can be expected if dynamic pressure sinkage curves are available. These should

include rates up to 150-200 in./sec.
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5. The predicted and experimental ground loads and ruts for a free-rolling wheel

were compared for the 29 x 11-10 8PR Type III tire for two clay soil strengths

and one sand soil. For each of the three soils the average (over track length,

tire pressure, and velocity) of the difference between calculated and experimen-

tal results was less than 12%. Positive and negative differences (also averaged

over track length, tire pressure, and velocity) were between 1 I% and 36%.

6. Single wheel tests show very small effects of yaw angle (up to 60) on drag load.

The ratio of lateral load to vertical load on soil is only 35% of the ratio on

concrete for yaw angles of 30 and 60. The ratio for braking on clay is 32% and 54%

of the ratio for free-rolling on clay at yaw angles of 30 and 6' respectively. While

lateral loads decrease in braking, drag loads increase.

7. Only small differences in individual wheel drag ratios are found between single

and tandem wheels loaded to equivalent weights on each wheel. Peak free rolling

drag ratios encountered were from 0.25 to 0.41 and are dependent upon tire

pressure. Peak braking drag ratios encountered were from 0.68 to 0.98. Maximum

free rolling rut depths with a tandem wheel varied from 0.58 to 1.6 in. The

maximum braking rut depth for the tandem wheel was about 3.6 in. at 70 psi tire

pressure. Comparisons of both free rolling and braking rut depths show that for

equal tire pressures there were no significant differences in the rut depths formed by

a single wheel and by a tandem pair when the load on the single wheel equals the

total load on the tandem pair.

8. Draq loads were greater for a rigid tire than for a pneumatic tire at the highest

pressure tested. Rut depths were 66% greater. Soil failure underneath a free

rolling rigid tire resembles the failure underneath a braked pneumatic tire. A

satisfactory explanation for this behavior of the rigid wheel has not been found.
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9. Analog computer studies of the C-130 aircraft show that the difference in take-

off distance between a smooth soft surface and a rough soft surface is small and

in most cases can be neglected. Take-off distance increases with decreasing

soil strength as shown by Figure 62. From a hard surface to Cl = 200 (CBR 4)

the increase is 18%. Wing load peak counts for take-off are less than for constant

speed taxi over the entire runway because of the shorter iength of runway covered.
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APPENDIX A

TABULATIONS OF TEST DATA AND TYPICAL TEST LOAD HISTORIES

The data from the test program was in the form of time histories of the sensor outputs.

Since changing from one condition to another (such as from free rolling to locked wheel

braking) introduced oscillations into the data, portions where the loads were relatively

steady were selected and the average values in these regions were used for analysis.

The quant|iies used are presented below in tabular form and referenced to the test

conditions of velocity, tire pressure, and wheel loading geometry.

1. SINGLE WHEEL TESTS

Three sets of wheel geometry were tested using the NASA single wheel dynamometer

support device (See Appendix B). These were run for zero, three, and six degrees

wheel yaw and 70 psi tire pressure. The average drag load, vertical load, lateral load

(where s;gnificant), and rut depths are contained in Tables 11 and I1!.

2. TANDEM WHEEL TESTS

One tandem wheel configuration and three tire pressures, 70, 45, and 30 psi were

tested. The tandem axles were spaced 40 inches apart. Results of the averuge loads and

rut depth measurements for the clay tests are summarized in Tables IV and V. The

average loads measured during free rolling tests on the concrete surfur.e are summarized

in Table VI for both tandem and single wheel configurations.

3. RIGID WHEEL TESTS

A few runs were made with a rigid foam filled tire in an attempt to determine the limit-

ing condition of no tire deflection. As discussed in the main body of the report, these

tests were so few in number that conclusive statements cannot be made, but the wheel

behavior was quite different from that of the pneumatic tires. Table VII summcrizes the

rigid wheel load averages and rut depths.
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TABLE VI

Summary of Free Rolling Tests on Concrete - Single and Tandem Wheel
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4. TYPICAL TEST LOAD HISTORIES

Histories of drag, lateral and vertical loads for single wheel tests at six degrees yaw

are presented in Figures 69 - 89. These results include tests ranging in velocity from

5 to approximately 90 knots. The test sequence was as follows: Touchdown occurred

on the concrete surface. The wheel rolled freely across the concrete and onto the clay

surface. Braking occurred over the final portion of the clay surface.

Portions of the loads time histories used for averaging are identified on each figure for

the concrete surface, for free rolling on clay, and, where applicable, for braking

on clay.
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APPENDIX B

ACQUISITION OF TEST DATA

Testing wheels on a soil material requires a device which supports and tows the wheels.

Precise lateral positioning on the surface is needed so that undisturbed surface profiles

and subsurface properties in the wheel path may be measured prior to a test.

Vibration and motions of the wheel support structure should be minimized to insure that

measured loads truly represent the wheel-surface interaction.

I. DESCRIPT ION OF THE TEST TRACK

The facility used to perform these tests is located at the NASA/Langley Research Center,

Hampton, Virginia. It consists of a 2200 ft. steel rail test track along which o test

carriage is propelled by means of a water jet catapult. Carriage braking is accomplished

by a cable arresting system. iest speeds were from zero (starting) to approximately 90

knots.

The test carriage weighs approximately 80,000 lb. In addition a wheel test support and

ballast weight of approximately 10,000 lb. is cantilevered from the right side of the

test carriage. Tests were conducted in a 6 ft. deep by 8 ft. wide tank alongside the

track rails. Soil was placed in this tank for a disince of approximately 250 ft., ending

at the arresting system. A concrete section was poLired just ahead of the soil test bed.

Height of the concrete section was equal to that of the soil bed in order to minimize

dynamic loading during transition from concreta ontothe soil. Rolling drag coefficients

on concrete were obtained for baseline data.

A test track schematic layout is shown in Figure 90. Figure 91 shows operations on the

soil test bed. The test wheel is on the concrete approach ramp. A tug used to tow the

carriage back to the catapult roint and to conduct low speed towing tests is attached to

the test carriage. The deep rut in the soil bed resulted from braking on a previous

test.

Addirional detailed test track information may be found in Reference 23.
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2. WHEEL SUPPORT DEVICES

Three interchangeable wheel support devices hove been used for testing. They were

attached to a support structure and ballast weight basket shown below in Figure 92.

They were a single wheel cantilever axle mounted directly underneath the ballast

weight basket, a two wheel tandem configuration on a beam pivoted directly under-

neath the ballast weight basket, and a single whee! mounted in a dynamometer frame

capable of beig yawed with respect to the direction of motion. These test fixtures

are shown in Figures 93 and 94.

The test wheel was held in a retracted position to prevent it from striking the leading

edge of the test section. After the wheel was over the tost section, a hydraulic

cylinder was used to lower the assembly and act as a shock absorber to minimize wheel

bounce.

Lateral translation of the test wheel and ballast weight to allow several tests without

soil surface re-processing to remove ruts was utilized for initial testing, but was not

used on the last test serie4 because of added mechanical restraints in connection with

testing the wheel in a yawed configuration.

3. DATA RECORDING SYSTEM

Sensors were used to obtain load, acceleration, and velocity data as the wheel traversed

the test section. Outputs of these sensors were conditioned and recorded on a magnetic

tape recorder aboard the test carriage. Figure 95 shows the instrumentation signal

conditioning and recording system.

Further data processing was done at the NASA Computer Center, and final output vos

scaled plots of each variable versus time.
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APPENDIX C

COMPUTER PROGRAM LISTINGS FOR SOIL MODELS

This appendix rontains computer program listings for numerical computations needed with

the proposed soil models. "MIMIC" simulation language is used. A description of the

"MIMIC" system and programming instructions are contained in Reference 24.

Table VIlI shows the computer program listing for the recommended soil model which

utilizes the drag interaction concept and an iterative solution of the equilibrium, or

steady state, rut depth. Table IX shows the computer program for the alternate soil model

which is a differential equation solution for the time history of a soil mass as it undergoes

deformation by the wheel.
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TABLE Vill

Computer Program Listing for the Recommended Soil Model

**,sw'imi SOURCE~-LANCUAGF PPOGRAMsso

' 1)N( KI 9 K 2 9K3 3) _____

ýON(M UOTKvPHvK'3

rAP( ci)
P ý~SWtT9FALSEsTRU!,?A.SE)

(CT '.D TA I/ I I of0' VSSQR (HT I
.1LT ... UNITI9EPFVI

ZAI LJIEI.Z , -10 T~)A)
? A LTM I ZAlIDEL T v10C I

Tn LT/(V*2D.71

r'mrGAD flYN 0Aor XP ( 1.2vD EL 7 )*..l140 .8 7

C r. UN I' RAGPV I
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. ý$ L L .V .. 23 3 -_ _ _ _ _#_.__2____.____

P-PAC K50 FID/r xP (L.89CII
"".L TLFT 

_______"_(1___8_9_C___T_r,)7 z fK1/(OP'E0AP-KZ)-K!)9DIA

V 100+5.

......... pEDVELO *PUT 9DPOf 9OME~GAP vDYN, LTFT)

Wf!(OEZvPDPA69RLIF1 I
- . .... UT(V#ZqcrOvOEGA~ DY~4,98)
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IUTtI OF! 'DRAGvRLIFT)
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ý(1 f4P%.. qrOIN S'IRT____________
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TABLE IX

Computer Program Listing for the Alternate $oil Model

060HImIC SOORCe-LANGUA6E FRo6ftAN0**

CON(OT)
CON R)TIR 1N , ""RKXI
Cu*4iRHO9LT)
c0~j4FVIPO)
C01'acI 6O,GI ,AO,NU,E)
COI(PRESS)
crc" 13.1

P FS IIT FALSC ,T"UE FALSE)
P ML CL.RMO*EX.P(~I*,A/31I4)

P A FV/PO

K I PNLSS,'l.

K 2 - &293OZ%*V/LT

$P~i4(iG FUN(SPR1.ZS)
2sot~wr SUM ( -ASPR t4I NQIE 9A*PRESiM,00[2C*ZSDQT/HEC
ZSDLuT IN1IZSDOUTt0.3
ZS INI(ZSDOTsO*?
PRLS MPY( I -COStLINtyO1.K2,0. .~.a*Ji KlI

F I Nj ( T . 0 1)
HUDRtTZSUrj0TZSDO1,LS*pESSPRING)
OUT(TZSDDOT,Z~potsZSPIRESSPmR1NGI
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APPENDIX D

A SAMPLE CALCULATION FOR RUT DEPTH AND DRAG LOAD

The comoutations discussed here are for the recommended soil model which includes

drag load interaction and inertial lift in the rut depth computations. Equilibrium

rut depths ore determined by an iterative process and are too lengthy for routine hand

calculations. The procedure for determining the input data necessary for the computer

program described in Appendix C and the process by which a single step in the

iterative process takes place are outlined below.

The sample calculation is for a 29 x 11-10 8PR Type III tire ioaded to 5,300 lb.

operating at 40 knots over a CBR 1.5 clay surface. Calculations for other assumed

conditions or for a different soil are similar.

1. INPUT DATA

Tire data is obtained from manufacturers' published data or from measurements and

tests of a tire. In this report manufacturers' data have been used. The information

needed consists of the following:

o L)iameter

O Width

o Section height
o Load deflection curve as a function of tire pressure

o Tire loading and tire pressure which are selected by
the analyst

Only two types of soil are used in rut depth calculations. These are sand and clay

which represent pure frictional or pure cohesive soils. Mixtures of cohesive and

frictional soil are assumed to have responses intermediate to the responses of these

two types of soil in their separate forms.

5r4-ngth of cohesive soil (clay) is measured by cone index, C(. Cone index is

related to the other common measurement of soil strength, CBR, by rho relatilon
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C I = 50 (CBR). The measure of strength for a frictional material (sand) is the quantity,

G, which is the overage of the rate of increase in cone index over a depth in the soil

equal to the width of the tire.

2. CALCULATIONS

Tire deflection is obtained from the manufacturers' published data. For a load of 5,300
lb. and 70 psi ilre pressure the value of 8 is found to be 2.29 in. from Figure 96.

t
Other geometric data given for the 29 x 11-10 8PR Type III tire are:

o Tire diameter, d = 28.65 in.

o Tire width, b = 10.71 in.

o Tire section height, ht = 9.32 in.

a. Mobility Number

The above data are substituted into the WES equation for mobility number (as modified

to change the exponent on 8 t" ):

•c . C ( ad (B) 1 .2

CI (bd) ( (.534) (37)
Ft (ht)'1/2

(75)(10.71) (28.65) (2.29)I .2 (.534)

5,300 (9.32)1/2

2.0524

b. Dynamic Factor

The dynamic factor is a function of the length of time a point in the soil is loaded. This

time is approximated by the equation:

L
t = ... (38)

1V
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Footprint length, Lt. is pre-computed in Figure 97 for several tire pressures as a

function of sinkage (rut depth). At this point an initial rut depth must be assumed to

start the iterative calculation. This is arbitrarily chosen as 2.5 in. For 70 psi tire

pressure the footprint length is found from Figure 97 to be 21.4 in.

For illustration, 40 knots wheel speed will be used. The pulse time, t , is then:
21.4

t = - I .0 2 64 sec.p 40X 1.69X 12

where 1.69 X 12 converts knots to in./sec.

The dynamic factor is next calculated from the equation:

D =1.0+1.34e" 1 . 2 7 tp (39)

= 1.0 + I. 34-,, 1.27(.0264)

= 2. 295

The dynamic mobility number, Q ', is:
c

~'D fic
1.6 (40)

2.295(2.0524)
1.6

2.944
where 1.6 is an adjustment factor to remove the dynamic effects from the original test

data used to derive the dynamic factor.

c. Soil Spring Sinkage

Soil spring sinkage is obtained from the equation:

&Z r .1208 .0095] d (41)
soil - '-.9468
spring

=[2 .1208 .0095 ] 28.65
2.944 -. 9Z-8

= 1.4608
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Find: Tire Footprint Length" 21 .4 In. 30 psi~45 psi

24 70 psi
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29 x 11-108PR Tire

z
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Z Given: 2.5 In. Sinkage
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8

4
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Figure 97. Determination of Tire Footprint L.ength for a Given Sinkage

and Tire Inflation Pressure
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To this point the computations are identical to those developed from the testing reported

in Reference 5. Incremental terms to represent drag load interaction and lift interaction

must be added.

d. Drag Load and Drag Interaction

In order to calculate the drag load/rut depth interaction the drag load is needed. This

is computed from:

F =( -+ F + 1/2 P b Z C V2  (42)
x 0 L t t s D

Rut depth, Zs, in the drag equation is unknown since it is a function of drag. To make

an assumed calculation, the guessed value of rut depth previously used for Equation (38)

will again be used. A drag coefficient, CD, is read from the curve of CD vs. velocity

in Figure 98.

F = (.04 + 2.5) 5300 + 1/2 (.0001499) (10.71X2.5X1 .72X811.2)2

= 3102.5 Lb.

The drag induced rut depth, AZ , is read from Figure 99 at 3100 lb. load and is

found to be 0.86 in.

e. Inertial Lift Force

To calculate the inertioa, lift/rut depth interaction the lift is computed from:

F =1/2 p bLt CL V2  (43)

The lift coefficient, CL, is read from Figure 100 and is found to be 0.238.

FI = 1/2 (.0001499) (10.71) (21.4) (.238) (811.2)2

= 2690.34 Lb.

A rut depth increment caused by inertial lift, AZ , is read from Figure 101 at Cl 75.

and 2690 lb. load. Its value is found to be lift0.0435 in.
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100.0

50.0 - - 30 psi CBR 1.5

E9 45 psi CBR 1.5

20.0 - 70 psi CBR 1.5

!0.0 
0'_ 30 psi CBR 2.3

Q 45 psi CBR 2.3

5.0 0 70 psi CBR 2.3

Given: Wheel Velocity = 40 Knots
S2.0 Find. Drag Coefficient, C D 1.72

z 1.0 n

00

0 00 0
0 .20

.10- - _ _ _

Drag Coefficient Used in

.05 Model Predictions

.02 N 1 1

.01 __

0 20 40 60 80 100

VELOCITY - KNOTS

Figure 98. Determination of the Drag Coefficient, C , for a Given Velcc.,c
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1 .2 G; ve n: Drag Load =3100 Lb.
Find: Interaction Rut Depth 0.86 in.

C'N'

1.0 4

00

II

UAO.

~0.2 0.66

zI 2 - ie:Da oa 10L.I

0.2

z II

DRA-LOD0.6B

Fgu'9.Dtrnc'c.ofteDaIneatnRuDehfooGveDrgLd
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0.8

0.6

z
a: 0.

U.

0
U

U- ~This ddata iss from Reference 5.

0.2 Given: CBR - 1.5

Find: C L = 0.238

0 2 4 6 8

SOIL STRENGTH, CBR

4

Figure IOU. beterrninavari Qr Ithe LIft Coefficient, C fm-w a G~vo-i Scli Strength
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.10 -

Given: Lift Force 2688 Lb.
Find: Incremental Rut Depth .0435 in.

II.08
z C.>

UJ
0 .06

.04

z

.02

0
0 1000 2000 3000 4000 5000

LIFT FORCE - LB.

Figure 101. Determination of 'he Lift Interaction Rut Depth for a Given Inertia
Lift Force
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f. The Equilibrium Rut Depth

To calculate the total rut depth, all of the components are summed;.

Z = Z + AZ - AZs Ssoil Sdrag slift (44)
spring

This equation is of the form x = f(x,y) and the equilibrium rut depths are thus the roots

of the equation:

Az + Az - AZ -z S 0 (45)Ssoil 5drag Slift

spring

The numerical solution of the equation uses the iteration formula from the MIMIC

Programming Manual, Reference 24, page 36. This is:

f -c x
_ n n n (46)

n+l I - cn

where f -f

Cn - n xn-i ('

f -f

nx n-I

This computation continues until Ix - fnl :5 5 x 10- 6 
1 xno

In terms of Equation (47),

f = the nth value of ( AZ s - A Z - AZ )n Sso SdrgS f
spring

f n-I = the n-1) th value of( AZ -5 soil Az drgZ s )if
soil drag lift if

spring
x = the value of Z used in i(e evaluation of f

n 5 n

x n = the value of Z used in the evaluation of f n.-I
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To begin the iteration a value of Z and xn-I must be assumed. As used above, Z

is Pssumed to be 2.5 in. xn-I is assumed arbitrari y to be 0.5. The value of f n- must

bp evaluated for x = 0.5. This means the computation of ( AZ + & aZ
- AZ 50) for Z .5 in. The numerical value is 1.6411 in. spring

•lift

Using these values,

f n (1.4608+ o0.86 - .0435)n

2. 2773

fn-I = (1.4501 +0.225- 0.034)

= 1.6411

c 2.2773- 1.6411 =C.318
n 2.5- 0.5

and n 2.2773-0.318(2.5) =2.17
ann+ 1 - 0.318

Therefore the assumed value -or the second iteration on rut depth is 2.17 in.

kA
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